Telomeres are DNA-protein complexes at the ends of eukaryotic chromosomes that play an important role in maintaining the integrity of the genome. In proliferative stem cells and cancer cells, telomere length is maintained by telomerase, and telomere structure and functions are regulated by telomere-associated proteins. We find that telomerase levels are high in embryonic cortical neural progenitor cells (NPCs) and low in newly generated neurons (NGNs) and mature neurons (MNs). In contrast, telomere repeat-binding factor 2 (TRF2) expression is undetectable in early brain development in vivo and in cultured NPCs and is expressed at progressively higher levels as NPCs cease proliferation and differentiate into postmitotic neurons. The telomere-disrupting agent telomestatin induces a DNA damage response and apoptosis in NGNs (which have low levels of TRF2 and telomerase), whereas NPCs (which have high levels of telomerase) and MNs (which have high levels of TRF2) are resistant to telomere damage. Overexpression of TRF2 in NGNs protects them against death induced by telomestatin and other DNA-damaging agents. Knockdown of TRF2 expression in MNs and knock-out of telomerase reverse transcriptase in NPCs increased their sensitivity to telomere-and DNA-damaging agents but did not affect the vulnerability of NGNs. These findings suggest that TRF2 and telomerase function as distinct telomere protection mechanisms during the processes of neurogenesis and neuronal maturation and that hypersensitivity of NGNs to telomere damage results from relative deficiencies of both telomerase and TRF2.
Introduction
During brain development, neurons are generated from proliferating neural progenitor cells (NPCs) in the telencephalic ventricular zone (VZ) (Price et al., 1992; McConnell, 1995) ; in the adult brain, NPCs are located mainly in the subventricular zone (SVZ) of the cerebral cortex and the hippocampal dentate gyrus (Gross, 2000; Lie et al., 2004) . During neurogenesis NPCs cease dividing and then differentiate into newly generated neurons (NGNs), which then undergo a process of maturation by growing axons and dendrites and forming synapses with other neurons.
Many NGNs in the developing and adult brain undergo a form of programmed cell death called apoptosis, whereas NPCs and mature neurons (MNs) in close proximity do not die (Kuan et al., 2000; Miller et al., 2000; Lee et al., 2002) . It is not known why NGNs are hypersensitive to apoptosis, but it has been suggested that DNA damage and/or cell cycle-related signals may be involved (Frank et al., 2000; Lee et al., 2000; Herrup et al., 2004; Kruman et al., 2004) .
Emerging evidence suggests that telomeres, the specialized ends of the chromosomes comprising noncoding DNA sequences and several associated proteins, may play important roles in development of the nervous system. In proliferative embryonic cells and tumor cells, telomere length is maintained by telomerase, an enzyme that adds six-base DNA repeats (TTAGGG) onto the telomeric ends of chromosomes (Blackburn, 2001; Chan and Blackburn, 2004) . Telomerase is present at high levels in NPCs in the developing (Klapper et al., 2001; Cai et al., 2002) and adult (Caporaso et al., 2003) brain; during development, telomerase activity rapidly decreases as NPCs cease dividing and differentiate into neurons (Kruk et al., 1996; Klapper et al., 2001) . One function of telomerase in neurogenesis may be to promote the survival of NPCs and NGNs (Fu et al., 1999 (Fu et al., , 2000 Zhang et al., 2003) . Telomere ends are capped and telomeric DNA is organized into a t-loop structure by telomere-associated proteins, which protect them from degradation or fusion with other chromosomes (McEachern et al., 2000) . Telomere repeat binding factor 2 (TRF2) binds directly to double-stranded telomeric DNA and facilitates t-loop formation (Bilaud et al., 1997; Broccoli et al., 1997; Griffith et al., 1999) . TRF2 can prevent cellular senescence and apoptosis in non-neural cells by protecting telomeres and/or by inhibiting telomere-associated DNA damage response pathways involving ataxia telangiectasia mutated (ATM) and p53 (Karlseder et al., 1999 (Karlseder et al., , 2002 (Karlseder et al., , 2004 Bradshaw et al., 2005) . If and how TRF2 functions in development of the nervous system is unknown.
We found that NGNs are highly sensitive to telomere damage compared with NPCs and MNs. Apoptosis induced by telomere damage was associated with the phosphorylation of ␥-H2A histone family, member X (H2AX) and poly(ADP-ribose) polymerase (PARP) activation, which occurred before mitochondrial alterations and nuclear condensation and fragmentation. Overexpression of TRF2 in NGNs suppressed DNA damage response and thereby protected NGNs against apoptosis, whereas knockdown of TRF2 sensitized MNs to DNA damage. In addition, knock-out of telomerase reverse transcriptase (TERT) sensitized NPCs to DNA damage. Thus, telomeres play important roles in determining the intrinsic vulnerability of neural cells to telomere/DNA damage encounters in the processes of neural differentiation and maturation.
Materials and Methods
Mice and tissue preparation. Timed pregnant mice (C57BL/6) were purchased from The Jackson Laboratory (Bar Harbor, ME). Methods for the generation of TERT Ϫ/Ϫ mice have been described previously (Chiang et al., 2004) . The TERT Ϫ/Ϫ mice used in the present study had been backcrossed to C57BL/6 through at least 10 generations. First-generation homozygous TERT Ϫ/Ϫ male and female mice were bred to generate timed pregnancies. Pregnant mice were killed using isoflurane anesthesia, the cerebral wall at early development stages [embryonic day 12 (E12), 14 and 16] or cerebral cortex at later developmental stages [E18, postnatal day 0 (P0), P5, P15] or in adults (P60) were dissected out, and tissues were either used to prepare dissociated cell or neurosphere cultures or were stored at Ϫ80°C. All procedures were approved by the National Institute on Aging Animal Care and Use Committee and were in compliance with National Institutes of Health guidelines.
Cell cultures and experimental treatments. Pregnant mice were killed on gestational day 12, and embryos were harvested and their brains were removed. Meninges were removed from the brain, and the cortical neuroepithelium was dissected and collected in cold HBSS (Invitrogen, Carlsbad, CA). The cells were dissociated with a fire-polished glass pipette and were then plated on poly-L-lysine-coated glass coverslips or plastic culture dishes. For NPC cultures, the cells were plated at 50,000 per cm 2 in DMEM/F-12 medium containing B27 supplements (Invitrogen) and 30 ng/ml basic fibroblast growth factor (bFGF) (Sigma, St. Louis, MO) or were cultured in noncoated flasks to form neurospheres. Neurospheres from TERT Ϫ/Ϫ mice were established from second generation of E12 TERT Ϫ/Ϫ mice (G2). To induce differentiation of NPCs, the cells were plated at 20,000 per cm 2 in serum-and bFGF-free DMEM/ F-12 containing B27 supplements. Experimental treatments included the following: staurosporine (STS), etoposide, and camptothecin (Sigma); telomestatin (TMS) (from the laboratory of K.S.-y.) (Shin-ya et al., 2001; Kim et al., 2002 Kim et al., , 2003 and zVAD-fmk (N-benzyloxycarbonyl-Val-AlaAsp-fluoromethyl ketone) (Cell Signaling Technologies, Beverly, MA), which were prepared as 500 -1000ϫ stocks in dimethylsulfoxide; and 3-aminobenzamide (Sigma) prepared as 200 -500X stocks in culture medium. Treatments were administered by direct dilution into the culture medium, and an equivalent volume of vehicle was added to control cultures.
Assessment of cell survival. After exposure to experimental treatments, cells were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature and then washed with PBS. Cells were then either stained with the DNA-binding dye Hoechst 33258 (5 g/ml) in PBS for 2 h at room temperature or overnight at 4°C. Alternatively, fixed cells were permeabilized with 0.2% Triton X-100 and were then stained with propidium iodide (PI) (5 g/ml for 10 min at room temperature). Coverslips were mounted onto glass slides and examined under epifluorescence illumination using a 40ϫ objective lens. Cells were considered apoptotic if their nuclear chromatin was condensed or fragmented or viable if their chromatin was diffuse and evenly distributed throughout the nucleus. To further confirm and detect apoptotic DNA fragmentation, a terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) kit (R & D Systems, Minneapolis, MN) was used. Briefly, the cells were fixed with 4% paraformaldehyde in PBS for 30 min and washed with PBS, pH 7.4. After blocking of endogenous peroxidases, the cells were incubated at 37°C for 1 h in a reaction mixture containing terminal transferase, biotinylated nucleotide (dNTP), or PBS as a control. Cells were then incubated in the presence of streptavidinconjugated horseradish peroxidase for 20 min at room temperature. After rinsing in PBS, DNA strand breakage was visualized in the presence of horseradish peroxidase substrate. The apoptotic cells exhibited dark blue nuclear staining. Approximately 500 cells on each coverslip were scored; three separate coverslips were assessed for each condition in each experiment, and three separate experiments were performed for Hoechst 33258, PI, and TUNEL staining analyses. For evaluating cell death in neurospheres, confocal images of Hoechst staining were acquired in Z-sectioning manner; the alive and dead cells (condensed nuclei) were quantified in each neurosphere. Approximately 10 neurospheres were evaluated for each condition per experiment.
Immunoblot analysis. Tissues or cells were solubilized in SDS-PAGE sample buffer, and the protein concentration in each sample was determined using a Bio-Rad (Hercules, CA) protein assay kit with bovine serum albumin as the standard. Proteins (50 g protein per lane) were then resolved on 5-12% SDS polyacrylamide gels and electrophoretically transferred to a nitrocellulose membrane. Membranes were blocked with 4% nonfat milk in TBST (Tris-HCl-based buffer with 0.2% Tween 20, pH 7.5) and then incubated for overnight at 4°C in the presence of primary antibody. Cells were then incubated for 1 h in the presence of a 1:5000 dilution of secondary antibody (IgG) conjugated to horseradish peroxidase. Reaction product was visualized using an enhanced chemiluminescence Western blot detection kit (Amersham Biosciences, Arlington Heights, IL). The primary antibodies included anti-PARP (mouse, 1:1000; PharMingen, San Diego, CA), anti-actin (mouse, 1:10,000; Sigma), anti-nestin (mouse, 1:500; Chemicon, Temecula, CA), anti-Sox2 (SRY-box containing gene 2) (rabbit, 1:500; Chemicon), antisynapsin (rabbit, 1:1000; Chemicon), anti-TRF2 (1:250; Imgenex, San Diego, CA), and anti-␥H2AX (1:500; Upstate Biotechnology, Lake Placid, NY).
Histology and immunocytochemistry. Timed pregnant C57BL/6J mice at E16 and E18 were killed, embryos were removed and decapitated, and heads of fetal mice were fixed in 4% paraformaldehyde in PBS for 3 d. P0, P5, and P15 mice were anesthetized and perfused transcardially with PBS, followed by 4% paraformaldehyde in PBS, pH 7.4. Brains were postfixed overnight. Brains were cryoprotected by immersing in 25% sucrose in PBS and embedded in Tissue-Tek (Sakura, Torrance, CA), and cryostat sections were cut in the coronal plane at a thickness of 30 m. Brain sections were collected in PBS and processed for TRF2 immunostaining. Sections were incubated in 1% H 2 O 2 for 30 min to quench endogenous peroxidase activity, followed by incubation in a solution of 2N HCl for 30 min. After neutralizing with sodium borate, pH 8.5, and rinsing with PBS, sections were incubated overnight with primary antibody (mouse anti-TRF2) at 4°C and then washed in PBS and further processed by using a Vector ABC Elite kit (Vector Laboratories, Burlingame, CA). The sections were further processed by incubation in a solution containing 0.035% diaminobenzidine and 0.01% H 2 O 2 . The developed sections were mounted on Superfrost Plus slides, dehydrated in a graded ethanol series, and immersed in 100% xylene for 15 min. Sections were then coverslipped in Permount medium (Fisher Scientific, Bridgewater, NJ). Cultured cells were exposed to experimental treatments, fixed in 4% paraformaldehyde in PBS for 30 min at room temperature, and then washed with PBS. The fixed cells were permeabilized with 0.2% Triton X-100 for 10 min, followed by a 2 h incubation at room temperature in blocking solution (5% normal goat serum and 0.2% Triton X-100 in PBS, pH 7.4) containing primary antibodies. After washing with PBS, cells were incubated for 2 h in PBS containing fluoresceinconjugated goat anti-mouse or rabbit IgG (1:200; Jackson ImmunoResearch, West Grove, PA). After washing with PBS, cultures were counterstained with PI. For bromodeoxyuridine (BrdU) and TRF2 immunocytochemistry, cells were incubated for 30 min in a solution of 2N HCl before processing for immunocytochemistry. The primary antibodies included anti-␤3-tubulin (Tuj1) (mouse, 1:100; Sigma), antiTuj1 (rabbit, 1:500; Covance, Berkeley, CA), anti-cytochrome c (mouse, 1:200; PharMingen), anti-apoptosis-inducing factor (AIF) (mouse, 1:100; Chemicon), mouse anti-nestin IgG1 (1:200; Chemicon), antimitogen-activate protein 2 (mouse, 1:200; Sigma), anti-BrdU (mouse, 1:100, Becton Dickson, Mountain View, CA), and anti-TRF2 (mouse, 1:50; Imgenex). All of the images were acquired by laser scanning confocal microscopy (LSM 510; Zeiss, Oberkochen, Germany) using a 40ϫ water-immersion objective (numerical aperture, 1.4). The excitation and emission wavelengths for PI were 543 and 585 nm, respectively, and for fluorescein isothiocyanate were 488 and 515 nm, respectively.
Adenovirus amplification, purification, and infection. HEK293T cells at 70 -80% confluency were infected with adenovirus containing TRF2 cDNA (a generous gift from J. Karlseder, The Salk Institute, La Jolla, CA) or adeno-␤-galactosidase (adeno-␤gal) (a generous gift from R. Xiao, National Institute on Aging, Baltimore, MD). Infected cells were harvested and pelleted by centrifugation, and the supernatant was removed from the cells. The cells were suspended in 8 ml of sterile PBS and subjected to four cycles of freeze/thaw/vortex. The lysate was centrifuged at 7000 ϫ g, and the clear virus-containing supernatant was transferred to a 50 ml conical tube containing 4.4 g of CsCl and was mixed by vortexing. The solution was transferred to a ultracentrifuge tube and centrifuged at 32,000 rpm in a Sw41 rotor for 18 -24 h. The fraction containing viral particles (0.5-1 ml) was collected with a 3 cc syringe and mixed with an equal volume of filter sterilized 2ϫ storage buffer (100 mM NaCl, 1% BSA, 50% glycerol, and 10 mM Tris, pH 8.0).The viral titer was ϳ1.5 ϫ 10 6 pfu/l. The cultured cells were infected at a multiplicity of infection of 50 pfu/cell.
RNA interference methods. Sequence-verified short hairpin RNA (shRNA) lentiviral plasmids (pLKO.1-purp) containing TRF2 (GenBank accession number NM_009353) target sequences (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) and a nontarget sequence (as negative control) were purchased from Sigma MISSION shRNA-RNA interference as frozen bacterial glycerol stocks (Luria Broth, carbenicillin at 100 ng/l and 10% glycerol) in Escherichia coli for propagation and downstream purification of the shRNA clones. For lentivirus packaging, subconfluent HEK293T cells in 10 cm culture dishes were cotransfected with lentiviral plasmid (8 g), lentiviral packaging vector (pCMV-dR8.91, 8 g), and the vesticular stomatitis virus G glycoprotein expression vector pMD2G (4 g) using Fugene 6 reagent (Roche Applied Science, Indianapolis, IN). The viruses were collected from the culture supernatants on day 2 after transfection, concentrated to 10:1 using a Millipore (Billerica, MA) centrifugal filter (UFC900508). The lentiviral vector containing enhanced green fluorescent protein (EGFP) was simultaneously packaged using same protocol. Titers were determined by infecting HEK293T cells with serial dilutions of concentrated lentivirus and counting EGFP-positive cells after 48 h under fluorescent microscopy. For a typical preparation, the titer was ϳ2 ϫ 10 7 infection units (IU)/ml. Cultured neurons were incubated with lentivirus at 10 IU/cell for 6 h and then changed to normal culture medium (DMEM/F-12 plus B27); experiments were performed 48 h after infection.
PARP activity assay. PARP activity is analyzed according to the instruction of PARP assay kit (Trevigen, Gaithersburg, MD). Briefly, primary cultured neurons (2-3 ϫ 10 6 ) were collected and lysed in 0.1 ml of 50 mM Tris, pH 8.0, 25 mM MgCl 2 , and 1ϫ proteinase inhibitor cocktail. The samples are sonicated on ice, and the disrupted cell suspensions were centrifuged at 3000 ϫ g for 5 min at 4°C to remove insoluble material. The protein concentrations were determined using a Bio-Rad protein assay kit with bovine serum albumin as the standard. Proteins (20 g) from cell extract were incubated with 2 Ci of 32 P-␤-nicotinamide adenine dinucleotide (NAD ϩ ) (GE Healthcare, Little Chalfont, Buckinghamshire, UK), 10 g of activated DNA, and 10 g of histones for 10 min at room temperatures. Adding purified PARP enzyme is used as a positive control and omitting PARP enzyme as negative control. At the end of the incubation, ribosylated proteins were precipitate by adding 900 l of ice-cold 20% TCA. After centrifugation at 12,000 ϫ g for 10 min at room temperature, the supernatant is removed and discarded into a liquid radioactive waste container. The pellets were washed and centrifuged again in 10% TCA. Each sample was added 1 ml of liquid scintillation cocktail and vortexed well, and the tubes were placed in a standard scintillation vial and counted for 32 P. The potency of 3-aminobenzamide (3-AB) in inhibition of PARP activity was tested by adding 20 M 3-AB during the reaction before adding PARP enzyme or cell extracts. PARP activity was expressed as radioactive intensity [disintegrations per minute (dpm)] in 20 g of cell extract protein.
Telomerase activity assay. Neurospheres were collected and washed two times with PBS and suspended in lysis buffer (0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 10 mM TrisHCl, pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 5 mM 2-mercaptoethanol, 10% glycerol, 1 U/l RNaseOUT, and 1 mM PMSF). Samples (75, 150, or 750 ng of protein) were assayed for telomerase activity using the telomeric repeat amplification protocol (TRAP) (Kim et al., 1994; Weinrich et al., 1997) .
Results

TRF2 expression is upregulated during neuronal differentiation and maturation
Immunoblot analysis of cortical homogenates showed that the expression of TRF2 was not detectable in the developing mouse cortex before E18, was present at a very low level at E18, increased markedly through postnatal day 15, and remained at high levels in the adult (Fig. 1 A) . To establish the cellular localization and changes in TRF2 levels during cortical development, coronal sections of mouse cerebral cortex at different development stages were immunostained with a TRF2 antibody (Fig. 1 B) . The majority of neurons in the developing cerebral cortex are generated from NPCs in the VZ/SVZ adjacent to the lateral ventricles. The NGNs then migrate outward through the intermediate zone (IZ) and into the cortical plate (CP), in which they form the six layers of the adult cortex. At E16 (Fig. 1 B) and at earlier stages of development (data not shown), TRF2 immunoreactivity was not detected in any cells including NPCs in VZ/SVZ and NGNs in IZ and CP (Fig. 1 B) . At E18, TRF2 immunoreactivity appears in some neurons in the cortical plate but is absent from cells in the VZ/SVZ and IZ. At P5, all neurons in cortical plate are TRF2 positive, and the intensity of TRF2 immunoreactivity increases through P15. TRF2 immunoreactivity appeared to be localized primarily in the nucleus of neurons (Fig. 1 B) . These findings suggest that NPCs and NGNs express very low levels of TRF2 compared with MNs.
To elucidate the functions of telomeres and TRF2 in the processes of neural development, we used a well characterized mouse cortical NPC culture system (Ghosh and Greenberg, 1995; Cheng et al., 2003) . Dissociated cell cultures are established from the cortical epithelium of E12 mice, a time when the cerebral wall consists mainly of NPCs. When dissociated cells from E12 cortical epithelium are cultured in the presence of bFGF at a relatively high density (ϳ50,000 cells/cm 2 ), Ͼ70% of the cells are proliferative NPCs that express nestin (Fig. 2 A) Fig. 1 B, available at www.jneurosci.org as supplemental material). The NGNs arising from the NPCs differentiate in a synchronous manner, because they extend neurites and begin expressing the neuronal marker protein Tuj1 (Fig. 2 A) (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). By 7 d in culture, the neurons have matured, exhibiting elaborate dendritic and axonal arbors and expressing synaptic proteins such as synapsin ( Fig. 2A ) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Consistent with cerebral cortical development in vivo (Fig. 1) , little or no TRF2 was detected in cultured NPCs and NGNs, whereas TRF2 levels increased as neuronal differentiation and maturation progressed (Fig. 2 A, B) . Because TRF2 comes up relatively late, also correlating with glial differentiation, we did the double immunostaining of TRF2, and Tuj1 showed that TRF2 is undetectable in NGNs and abundant in MNs (Fig. 2 A) , indicating that upregulation of TRF2 actually comes from neuronal maturation and not from increasing glial differentiation.
Newly generated neurons are highly vulnerable to telomere damage-induced apoptosis Previous studies have suggested antiapoptotic roles for telomerase and TRF2 in some types of mitotic cells (Fu et al., 1999; Karlseder et al., 1999) . Because TRF2 levels are low in NPCs and NGNs, we tested the hypothesis that these cells may be particularly vulnerable to telomere damage. To induce selective damage to telomeres, we used telomestatin (TMS), a natural product isolated from Streptomyces anulatus 3533-SV4, which selectively interacts with the G-quadruplex DNA structures present in telomeres (Shin-ya et al., 2001; Kim et al., 2002 Kim et al., , 2003 Chang et al., 2004) . TMS increases DNA cleavage by S1 nuclease at the loop regions of intramolecular G-quadruplex structures formed within telomeric sequences (Kim et al., 2003) . In tumor cells, the telomere damage caused by TMS triggers apoptosis by a DNA damage response mechanism involving ATM and p53 (Tauchi et al., 2003) . We evaluated the responses of NPCs, NGNs, and MNs to selective telomere damage. A 48 h exposure to TMS induced apoptosis of NPCs, NGNs, and MNs in a concentration-dependent manner as determined by nuclear DNA damage and chromatin condensation detected by TUNEL and Hoechst staining (Fig. 2C,D) . Interestingly, NGNs were significantly more sensitive to TMS-induced apoptosis compared with NPCs and MNs (Fig. 2 D) . Thus, ϳ80% of the NGNs were killed by 5 M TMS, whereas only 20 -40% of NPCs and MNs were killed. DNA double-strand breaks (Fernandez-Capetillo et al., 2004) and telomere damage (Takai et al., 2003) elicit a DNA damage response characterized by the association of phosphorylated ␥-H2AX with the lesions. Telomestatin induced a similar DNA damage response in NGNs during 3-8 h exposure periods as indicated by increased amounts of phosphorylated ␥-H2AX detected by immunoblot analysis (Fig. 3A) . To further evaluate the DNA damage response and cell death pathway activated by TMS, we measured levels of PARP1, a 115 kDa enzyme that responds to DNA damage and facilitates DNA repair (Ha and Snyder, 2000; Shall and de Murcia, 2000) . Immunoblot analysis of lysates from NGNs that had been exposed to TMS for increasing time periods revealed an accumulation of high-molecular-weight PARP1-immunoreactive bands within 1 h of exposure to TMS (Fig. 3B) . These high-molecular-weight bands are likely ribosylated forms of PARP1, because activated PARP catalyzes the successive transfer of ADP-ribose units from its substrate NAD ϩ to a variety of proteins including PARP itself to produce branched homopolymers (Ha and Snyder, 2000) . As an additional test for the activation of PARP, we assayed the effect of TMS on PARP activity in the cultured cells. We found that exposure of NGNs to TMS or etoposide, a topoisomerase inhibitor that induces double-strand breaks in nuclear DNA (Banath and Olive, 2003; Meng et al., 2005) , for 2 h enhanced the PARP activity to approximately twice the control level (Fig. 3C) . Longer time periods of exposure of NGNs to TMS (12-48 h) resulted in the appearance of a PARP1-immunoreactive band of 85 kDa (Fig. 3D) , corresponding to the caspase cleavage product of PARP1 (Lazebnik et al., 1994) . These findings suggest that telomere damage causes rapid activation of PARP and subsequent activation of caspases.
Apoptosis triggered by DNA damage typically involves mitochondrial alterations including release of cytochrome c and/or AIF (Yu et al., 2002) . Apoptosis related to telomere damage may or may not (Fu et al., 1999; Ren et al., 2001; Ramirez et al., 2003; Shammas et al., 2005) require release of cytochrome c from mitochondria and subsequent caspase activation. We assessed AIF nuclear translocation and cytochrome c release in TMS-treated NGNs by performing double-labeling confocal fluorescence imaging using propidium iodide to label the nuclei in combination with immunostaining with antibodies against AIF or cytochrome c (Fig.  3E) . Telomestatin induced both cytochrome c release and AIF nuclear translocation that paralleled nuclear chromatin condensation (Fig. 3E) .
Cytochrome c release results in the activation of caspases 9 and 3; however, PARP activation occurred much earlier than the mitochondrial dysfunction and caspase activation. To directly determine whether activation of PARP1 and/or caspases was required for apoptosis triggered by telomere damage, we used the PARP1 inhibitor 3-AB and the caspase inhibitor zVAD-fmk. 3-AB was highly effective with 20 M, completely abolishing activity of purified PARP enzyme (1 g) and the activity induced by TMS and etoposide in NGNs (Fig. 3C) . Telomestatin-induced death of NGNs was significantly attenuated in cultures treated with 3-AB but was not affected by zVAD-fmk at concentrations up to 100 M (Fig. 3F ) , indicating that telomere damage-induced cell death requires PARP1 activation but is independent of caspase activation.
TRF2 protects newly generated neurons against DNA damageinduced apoptosis It was recently reported that TRF2 can inhibit the ATM-mediated DNA damage response in tumor cells (Karlseder et al., 2004; Celli and de Lange, 2005) . ATM is rapidly recruited to sites of DNA damage in which it phosphorylates ␥-H2AX , green) , an NPC marker, ␤3-tubulin (Tuj1) (e, f, green; h, i, red), a neuronal marker, and TRF2 (g-i, green). Some cells were counterstained with PI (red), a nuclear stain. B, Immunoblot analysis showed that the expression of TRF2 is progressively increased as NPC differentiation and neuronal maturation proceeds. Similar results were obtained in three independent experiments. C, NPCs, NGNs, and MNs were exposed for 48 h to vehicle (0 M) or the indicated concentrations of TMS. Cell death was quantified using fluorescent DNA-binding dye Hoechst 33258 staining and TUNEL staining (see Materials and Methods). (Burma et al., 2001 ). To determine whether TRF2 protects the telomeres of NGNs, we compared the responses to TMS of NGNs infected with either adeno-TRF2 or adeno-␤gal. Neurons infected with adeno-␤gal were used as a control for nonspecific effects of infection and overexpression of any exogenous protein.
Using a multiplicity of infection of 50, Ͼ90% the neurons were infected as demonstrated by ␤gal staining (data not shown). TRF2 immunoreactivity was not detected in cells in cultures infected with adeno-␤gal, which is consistent with the above result that TRF2 is undetectable in NPCs and NGNs; in contrast, Ͼ90% of the NPCs and NGNs in the cultures infected with adeno-TRF2 exhibited TRF2 immunoreactivity. In most cells, the TRF2 immunoreactivity was localized to the nucleus in which it was typically concentrated in discrete foci (Fig. 4A) , consistent with a telomeric localization under physiological conditions (Karlseder et al., 2004) . Telomostatin induced a large increase in levels of phosphorylated ␥-H2AX within 8 h of exposure in cells expressing ␤gal but not in cells expressing TRF2 (Fig. 4B,C) , indicating that TRF2 can suppress a molecular response to telomere damage. In cultures infected with adeno-␤gal, ϳ50% of the NGNs died within 48 h of exposure to TMS (Fig. 4D) . In contrast, NGNs overexpressing TRF2 were highly resistant to TMS. Thus, TRF2 can protect NGNs against apoptosis induced by telomere damage, suggesting that the low level of TRF2 in NGNs may account for their hypersensitivity to telomere damage.
It was reported recently that, in cultured human fibroblasts, TRF2 rapidly associates with nontelomeric DNA in response to ultraviolet light-induced doublestrand breaks (Bradshaw et al., 2005) . To determine the relative sensitivities of NPCs, NGNs, and mature neurons to generalized DNA damage, we exposed these three cell types to etoposide and camptothecin, topoisomerase inhibitors that induce doublestrand breaks in nuclear DNA (Banath and Olive, 2003; Meng et al., 2005) . Etoposide and camptothecin each induced a concentration-dependent death of NPCs, NGNs, and mature neurons. NPCs and NGNs were significantly more vulnerable to each DNA-damaging agent compared with MN (Fig. 5A ). STS is a broad-specificity protein kinase inhibitor that induces apoptosis by a mechanism that does not involve DNA damage (Roser et al., 2001) . NPCs, NGNs, and MNs displayed similar vulnerabilities to STS (Fig. 5A) , suggesting that NGNs are hypersensitive to death induced by telomere/ DNA damage but not that induced by other mechanisms. Consistent with their known ability to induce double-strand breaks in DNA, both etoposide and camptothecin caused the phosphorylation of ␥-H2AX in a time-dependent manner with peak at 3 h (Fig. 5B) . We next infected NGNs with adeno-␤gal or adeno-TRF2 and then exposed the cells to camptothecin and M of the PARP inhibitor 3-AB for 30 min and then exposed to TMS or etoposide for 2 h. The cell lysates were used for the assay of PARP activity. Purified PARP protein was used as a positive control (Con), and the negative control lacked PARP. The ability of 3-AB to inhibit purified PARP enzyme activity was also tested. E, Telomestatin treatment induces release of cytochrome c from mitochondria and nuclear translocation of AIF in NGNs. NGNs were exposed to 1 M TMS or vehicle (control) for the indicated time periods. The cells were then immunostained using antibodies against cytochrome c (cyto-c, green) and AIF (green). All of the cells were counterstained with PI (red). Representative confocal images of NGNs immunostained with cytochrome c and AIF antibodies. Arrows point to examples of cells with condensed nuclei together with either AIF translocation into the nucleus or with cytochrome c release. F, A PARP inhibitor, but not a caspase inhibitor, protect NGNs against TMS-induced death. NGNs were pretreated for 1 h with the caspase inhibitor zVAD-fmk (20, 50, and 100 M) or the PARP inhibitor 3-AB (20 M). Cells were then exposed to 1 M TMS or vehicle as indicated, and cell death was quantified 48 h later by Hoechst staining. Values are the mean and SD of determinations made in at least three cultures. *p Ͻ 0.01; **p Ͻ 0.001 compared with the value for cells exposed to TMS alone (ANOVA with Scheffé's post hoc tests).
etoposide for 3 h or TMS for 8 h. Levels of phosphorylated ␥-H2AX were then assessed by immunoblot analysis. Levels of phosphorylated ␥-H2AX were increased more in cells exposed to camptothecin or etoposide compared with those exposed to TMS (Fig. 5C,D) . For each DNAdamaging agent, the amount by which levels of phosphorylated ␥-H2AX was increased was significantly less in NGNs overexpressing TRF2 compared with the control NGNs. However, TRF2 was more effective in reducing phosphorylated ␥-H2AX levels in cells exposed to TMS (60% reduction) compared with those exposed to camptothecin (ϳ25% reduction) or etoposide (ϳ40% reduction) (Fig. 5F ). Finally, we quantified cell death in cultures of control and TRF2-expressing NGN after exposure to etoposide, camptothecin, TMS, or staurosporine. TRF2 significantly attenuated NGN death induced by each DNA-damaging agent and was most effective in protecting the cells against TMS-induced death but had no effect on staurosporine-induced NGN apoptosis (Fig. 5 F, G) . Thus, TRF2 can protect NGNs against death induced by both generalized DNA damage and telomerespecific DNA damage but not apoptotic stimuli acting independently of genotoxicity.
RNA interference-mediated depletion of TRF2 increases the vulnerability of mature neurons to telomere and DNA damage The above results indicated that developmentally upregulated TRF2 in MNs may account for their resistance to telomere/ DNA damage. To test this hypothesis, we used lentiviral-mediated expression of TRF2-specific shRNA to knockdown TRF2 expression. As a negative control, a lentiviral shRNA with a sequence that is not complementary to any known human or mouse gene was used. Four different TRF2-specific shRNAs in lentiviral plasmids (pLKO.1-puro) were packaged to produce lentiviral particles, and the efficiency of each shRNA in reducing TRF2 level in MNs (48 h infection with 10 IU/cell) was determined (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). Target sequence 1 was the most effective one, decreasing levels of TRF2 by ϳ85% compared with TRF2 levels in MNs infected with the control vector (Fig. 6 A) (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). TRF2 immunoreactivity was decreased by similar amounts in essentially all MNs, consistent with the well established high infection efficiency of lentivirus (Fig.  6 B) . MNs in which TRF2 levels were decreased by RNA interference exhibited increased vulnerability to death induced by TMS and the DNA-damaging agents etoposide and camptothecin (Fig.  6C) . In contrast, expression of TRF2 siRNA in NGNs did not significantly increase their vulnerability to telomere or DNA damage (Fig. 6 D) . Consistently, MNs expressing TRF2 siRNA exhibited significantly increased levels of ␥-H2AX after exposure to TMS and DNA-damaging agents (Fig. 6 E) , suggesting that TRF2 functions to suppress DNA damage responses at telomeres and elsewhere in the genome of MNs. In contrast, expression of TRF2 siRNA in NGNs did not affect the level of ␥-H2AX after exposure to TMS and DNA-damaging agents (Fig. 6 F) . Control lentivirus-infected NGNs exhibited sixfold, fivefold, and threefold increases in ␥-H2AX levels in response to etoposide, camptothecin, and TMS, whereas the corresponding increases in MNs were twofold, twofold, and 1.5-fold, further confirming that MNs are resistant to telomere/DNA damage encounters. Collectively, these results suggest that the low level of TRF2 in NGNs contributes significantly to their hypersensitivity to telomere and DNA damage and that TRF2 plays a neuroprotective role in MNs.
NPCs lacking telomerase are highly vulnerable to telomere and DNA damage To understand why NPCs are relatively resistant to telomere damage compared with NGNs, despite the low level of TRF2 in the NPCs, we tested the hypothesis that telomerase protects the NPCs. Previous studies have shown that neural stem/progenitor . Endogenous TRF2 expression in NGN is very low (Aa), and the virally expressed TRF2 is mainly in the nucleus (Ab) where it is concentrated in foci consistent with a telomeric localization (Ac). The infection efficiency was ϳ90%. Scale bars, 20 m. B, After 2 d of infection with adeno-␤gal or adeno-TRF2, NGNs were treated with 1 M TMS or vehicle for 8 h. Cell lysates were then subjected to immunoblot analysis using antibodies against TRF2, ␥-H2AX, and actin. The immunoblot shows that TMS induces an increase in levels of ␥-H2AX, and overexpression of TRF2 suppresses this response. C, Densitometric analysis of ␥-H2AX levels in NGNs that had been exposed to the indicated treatments. Data are mean Ϯ SD (fold of the vehicle control). **p Ͻ 0.001; n ϭ 3. D, Control (adeno-␤gal) and TRF2-overexpressing NGNs were exposed to 1 M telomestatin for 48 h and then stained with Hoechst dye; cell death was quantified by counting cells with condensed nuclei. Data are the means Ϯ SD of three independent experiments. **p Ͻ 0.001, paired Student's t test.
cells express high levels of TERT (Cai et al., 2002; Limke et al., 2003) , that TERT expression is rapidly downregulated in NGNs (Kruk et al., 1996; Klapper et al., 2001) , and that TERT can prevent apoptosis of several types of cells, including neural cells (Fu et al., 1999 (Fu et al., , 2000 (Fu et al., , 2002 Roy et al., 2004; Armstrong et al., 2005) . We therefore cultured neurospheres from E12 TERT Ϫ/Ϫ mice and control TERT ϩ/ϩ mice under conditions in which Ͼ90% of the cells are NPCs . Telomerase activity by TRAP demonstrated that TERT ϩ/ϩ E12 neurospheres contain considerable telomerase activity, whereas TERT Ϫ/Ϫ neurospheres lack telomerase activity (Fig. 7A) . The vulnerability of TERT Ϫ/Ϫ NPCs to death induced by TMS, etoposide, and camptothecin was significantly greater than that of TERT ϩ/ϩ , indicating that telomerase protects NPCs against telomere and DNA damage (Fig. 7 B, C) .
Discussion
We found that TRF2 expression is low in NPCs and increases as NGNs differentiate into MNs in the developing mouse cerebral cortex and in embryonic cortical cell cultures. In contrast, the present and previous studies demonstrated that TERT expression and telomerase activity are present at high levels in NPCs, at low levels in NGNs, and are absent from mature neurons (Kruk et al., 1996; Fu et al., 2000; Klapper et al., 2001) . Because TRF2 and TERT can each protect cells against telomere damage and apoptosis, our data suggest that TERT protects NPCs and TRF2 protects MNs. In contrast, NGNs are much more vulnerable to telomere damage and apoptosis because of their lack of TERT and TRF2 (Fig. 8) . Our findings provide the first evidence that telomereassociated proteins can determine whether cells live or die in response to DNAdamaging insults during the process of neuronal differentiation and maturation.
TRF2 protects telomeres by facilitating t-loop formation, preventing telomere ends from signaling to the DNA damage checkpoint machinery (van Steensel et al., 1998) . Previous findings suggest that telomerase can promote the survival of tumor cells (Fu et al., 1999; Zhang et al., 2003) , several types of stem cells (Roy et al., 2004; Armstrong et al., 2005) , and early postmitotic embryonic hippocampal neurons (Fu et al., 2000 (Fu et al., , 2002 . When expressed at a sufficiently high level, telomerase appears able to play a critical protective role by preventing telomere shortening and/or by providing a protective or capping function at telomere ends (Chan and Blackburn, 2004) . Although additional efforts are needed to fully understand the protective mechanisms that function at telomeres, telomerase and TRF2 appear to play major roles. Rather strikingly, TRF2 is not detectable during early brain development and is upregulated during neuronal differentiation and maturation. Moreover, TRF2 upregulation and TERT downregulation during brain development lead to three distinct situations during the process of 's post hoc tests) . B, NGNs were exposed to 10 M etoposide or camptothecin for 1, 3, 5, or 8 h or were left untreated (0 time point). Proteins in cell lysates were subjected to immunoblot analysis using antibodies against phosphorylated H2AX and actin. Note that both etoposide and camptothecin increased ␥-H2AX levels, which reached a peak at 3 h. C, Overexpression of TRF2 significantly attenuated the ␥-H2AX increase induced by etoposide or camptothecin. D, Densitometric analysis of ␥-H2AX immunoblots. Values are the mean Ϯ SD. **p Ͻ 0.001; n ϭ 3. E, Control (adeno-␤gal) and TRF2-overexpressing NGNs were exposed to 10 M etoposide or camptothecin or 5 M STS for 24 h or to 1 M TMS for 48 h, and then stained with Hoechst dye; cell death was quantified by counting cells with condensed nuclei. Values are the mean Ϯ SD of three independent experiments. **p Ͻ 0.001, paired Student's t test. F, The magnitude of reduction in levels of ␥-H2AX and cell death in TRF2-overexpressing cells compared with ␤gal-expressing control cells was determined for each condition (for ␥-H2AX analysis, cells were exposed to 10 M etoposide or camptothecin for 3 h or 1 M TMS for 8 h; for analysis of cell death, cells were exposed to 10 M etoposide or camptothecin for 24 h or 1 M TMS for 48 h). *p Ͻ 0.05, Student's t test; n ϭ 3 cultures. neuronal differentiation and maturation: NPCs with abundant TERT expression/ activity but little or low TRF2, NGNs with low levels of both TRF2 and TERT, and MNs with abundant TRF2 and little or no TERT (Fig. 8) . The hypersensitivity of NGNs to telomere damage appears to be, at least in part, a consequence of their low levels of TERT and TRF2. Supporting this model, overexpression of TRF2 suppressed the telomere DNA damage response and thereby protected NGNs against apoptosis. Similarly, high level of TERT in NPCs and of TRF2 in MNs might account for their resistance to telomere/ DNA damages under physiological conditions. Consistent with this model, TRF2-negative MNs and TERT Ϫ/Ϫ NPCs exhibit increased vulnerability to telomere/DNA damage. These findings indicate that neural cells express different mechanisms of telomere protection during the course of their differentiation and maturation and that the population of NGNs is lacking in two major protective mechanisms, resulting in a high degree of sensitivity to telomere damage compared with NPCs and MNs. Many NGNs in the developing and adult brain undergo a form of programmed cell death called apoptosis (Rich, 1992; Lewin and Barde, 1996; Agerman et al., 2000) . Our data suggest that unprotected telomeres in NGNs may be one factor contributing to the apoptosis of NGNs in the developing and adult brain.
Previous studies showed that TMS has a G-quadruplex-interacting structure that allows it to selectively intercalate in telomeres, thereby disturbing telomere structure and preventing telomere elongation in mitotic cells (Kim et al., 2002; Tauchi et al., 2003) . Telomestatin increases DNA cleavage by S1 nuclease at the loop regions of intramolecular G-quadruplex structures formed within telomeric sequences (Kim et al., 2003) ; this results in a DNA damage response involving ATM and p53 (Tauchi et al., 2003) . We found that TMS induced phosphorylation of histone ␥-H2AX and activation of PARP-1 in NGNs, both of which are early DNA damage responses. TRF2 also associates with genomic double-strand breaks as an early response to DNA damage and inhibits phosphorylation of ATM signaling targets (Bradshaw et al., 2005) . In the present study, TRF2 attenuated the phosphorylation of ␥-H2AX and protected NGNs from death induced by etoposide and camptothecin, topoisomerase inhibitors that induce double-strand breaks in nuclear DNA (Banath and Olive, 2003; Meng et al., 2005) . However, TRF2 was more effective in protecting NGNs against TMS-induced death, consistent with its localization and function at telomeres. Telomere damage can trigger apoptosis by activating a DNA damage response pathway involving ATM and p53, with subsequent mitochondrial changes resulting in the release of cytochrome c and caspase activation (Fu et al., 1999; Karlseder et al., 1999; Shammas et al., 2005) . We found that TMS induces a similar DNA damage-related apoptotic cascade in NGNs. Caspase-3 activation occurred in response to TMS as indicated by a delayed proteolytic cleavage of PARP to produce an 86 kDa fragment, the PARP caspase-3 cleavage product. However, in contrast to the caspase-dependent cell death induced by DNA-damaging agents such as camptothecin and Figure 6 . RNA interference-mediated depletion of TRF2 renders mature neurons vulnerable to telomere and DNA damage. NGNs and MNs were infected with a lentiviral vector containing shRNA directed against TRF2 mRNA (Si-TRF2) or a control lentiviral vector with a nonsense shRNA sequence (Si-Con); additional cells were not exposed to virus (Con). A, At 48 h after infection, cell lysates were subjected to immunoblots using antibodies against TRF2 and ␤-actin. B, At 48 h after infection, cells were immunostained with TRF2 antibodies. Arrows show the same cells in transmitted light and immunofluorescence images. C, D, MNs expressing TRF2 siRNA exhibit increased vulnerability to cell death induced by telomere and DNA-damaging agents, whereas the vulnerability of NGNs is unaffected by TRF2 siRNA expression. E, F, MNs expressing TRF2 siRNA exhibit increased ␥-H2AX levels after exposure to TMS, etoposide (ET), or camptothecin (CT), whereas ␥-H2AX levels in NGNs are unaffected by TRF2 siRNA expression. At 48 h after infection, NGNs and MNs were exposed to camptothecin (10 M), etoposide (10 M), or TMS (1 M) for either 24 h (cell death analysis) or 3 h (␥-H2AX analysis). Cell death was quantified by Hoechst dye staining, and phosphorylation of histone H2AX was analyzed by densitometric analysis of ␥-H2AX immunoblots. Values are the mean Ϯ SD of three independent experiments. **p Ͻ 0.001, paired Student's t test.
etoposide (Morris and Geller, 1996; Park et al., 1998; Xiang et al., 1998; Stefanis et al., 1999; Keramaris et al., 2000; Morris et al., 2001; Rideout et al., 2001) , TMS-induced cell death was caspaseindependent because it was not prevented by the caspase inhibitor zVAD-fmk. Caspase-independent apoptosis has also been observed in neuronal cells in response to ␤-amyloid, nitric oxide, and traumatic brain injury (Okuno et al., 1998; Selznick et al., 2000; Zhang et al., 2002) and in the models of photoreceptor cell death both in vivo (Carmody and Cotter, 2000) and in vitro (Donovan and Cotter, 2002) . Previous studies showed that TMS increases DNA cleavage by S1 nuclease at both loop regions in an asymmetric way in G-quadruplex structures (Kim et al., 2003) , and we found that TMS induces a rapid activation of PARP-1 and ␥H2AX, consistent with a DNA damage response. PARP-1 protects the genome by functioning in the DNA damage surveillance network. PARP-1 is a mediator of cell death in ischemia-reperfusion injury (Eliasson et al., 1997; Endres et al., 1997) , glutamate excitotoxicity (Zhang et al., 1995; Mandir et al., 2000) , and various inflammatory processes (Szabo and Dawson, 1998) . The molecular mechanism of PARP-1-induced cell death is not clear. Yu et al. (2002) reported that PARP-1 activation is required for AIF nuclear translocation and that AIF is necessary for PARP-1-dependent cell death. Telomere damage-induced death of NGNs appears to involve a similar sequence of PARP-1 activation and translocation of AIF from the mitochondria to the nucleus.
Telomeres are dynamic structures in mitotic cells in which several different interconvertible structural conformations have been described, including capped t-loop and extended telomeres and uncapped telomeres (Neidle and Parkinson, 2003) . The upregulation of TRF2 during brain development might indicate that there is a transition of telomere structures from a more dynamic state at the NPC stage to a more stable and secured TRFdependent t-loop structure in postmitotic neurons. The resulting telomere stabilization and suppression of telomerase activity may be critical for maintenance of the differentiated state and the prevention of apoptosis. The upregulation of TRF2 expression in association with neuronal differentiation and maturation during cortical development suggests a role for TRF2 in regulating neuroprotection and neuronal differentiation. Consistent with this possibility, TRF2 is upregulated in embryonal carcinoma cells during neural differentiation induced by retinoic acid, and overexpression of TRF2 in COS cells induces them to form neurite-like processes (Jung et al., 2004) . The functions of telomeres and telomere-associated proteins in neural development and adult plasticity are likely to be complex. It is increasingly appreciated that telomeres are not simply structures that prevent erosion of chromosome ends in proliferative cells. Indeed, several proteins that associate with telomeres are known to be involved in the activation of signal transduction pathways designed to control cell proliferation, differentiation, and/or cell survival, including DNA-dependent protein kinase, Ku70/80, and PARP1 (Smogorzewska and de Lange, 2004) . Our data suggest that TRF2 is one such telomere-associated protein that is involved in regulating the fate of developing embryonic cerebral cortical cells. Future studies will further elucidate the molecular signaling mechanisms upstream and downstream of changes in telomeres and their roles in neural cell differentiation and survival. Ϫ/Ϫ mice lack telomerase activity. TRAP assay analysis of telomerase activity in lysates (150 ng) of cortical neurosphere cultures from E12 wild-type (WT) and TERT knock-out (TERT Ϫ/Ϫ ) mice. As negative controls, the cell lysates (750 ng) were incubated for 10 min at 85°C. HeLa cell lysate (75 ng) was used as a positive control. B, C, TERT Ϫ/Ϫ NPCs are significantly more vulnerable to telomere and DNA damage. Four hours after plating on poly-L-lysine-coated coverslips, wild-type and TERT Ϫ/Ϫ neurospheres were treated with TMS (2 M), etoposide (ET; 10 M), or camptothecin (CT; 10 M) for 24 h. Cell death was quantified by counting cells with condensed nuclei in acquired images by confocal laser scanning microscopy after Hoechst staining. Values are the mean Ϯ SD of three independent experiments. **p Ͻ 0.001, paired Student's t test. Figure 8 . Model for the roles of TRF2 and TERT in the regulation of neuronal survival and differentiation. NPCs express high levels of TERT but low levels of TRF2. TERT promotes NPC survival. NGNs, which normally have low levels of both TERT and TRF2, are highly sensitive to telomere and DNA damage and apoptosis. MNs, which have low levels of TERT and high levels of TRF2, are relatively resistant to telomere and DNA damage and apoptosis. Depletion of TRF2 from MNs by RNA interference technology (knockdown) renders the MNs vulnerable to telomere and DNA damage and apoptosis. Thus, TRF2, TERT, and telomere state play important roles in determining the vulnerability of NPCs, NGNs, and MNs during brain development.
